Quality Function Deployment (QFD) has long been used as a successful design methodology in the heavy industrial and automotive industries. QFD helps designers utilize the 'voice of the customer', or customer requirements, to determine which engineering metrics or product specifications are the most essential [1] . This prioritization helps designers know what part of the product or process is most beneficial to focus on during design, resulting in products that better meet customer requirements and generate increased commercial success.
INTRODUCTION

QFD
Quality Function Deployment (QFD) is a tool which helps relate customer desires to decisions made in the design and manufacturing process. QFD is a multistage tool, although it is common for only the first one or two parts to be applied to a given product development effort. Phase I translates the 'soft' customer wants into measurable engineering attributes. The structure of a common format of QFD Phase II relates engineering metrics to parts characteristics. This causes difficulties in using the tool for MEMS as most MEMS do not have physical 'parts' that are assembled into a final device.
Rather, MEMS have product specifications and a manufacturing process used to create the product. Generally there is a tight link between product and process in MEMS. This link has been utilized in creating a modified version of QFD that relates engineering metrics to design concepts, including product conceptualization and manufacturing process. The modified QFD utilizes aspects of Pugh Concept Selection, and differs from typical QFD primarily in consideration of product idea and manufacturing process in the early phases of product definition.
A standard version of Phase I and the modified version of Phase II QFD were applied to the two case studies described in the following sections. In the first case study on the scent dispenser, QFD Phase I was applied during the product definition portion of the development, while QFD Phase II was applied retrospectively after initial prototyping was completed. For the second case study of the heat exchanger, both QFD Phases I and II were applied during the project's product definition phase.
Scent Dispenser
There are many types of electronic hand-held devices, including mobile phones, personal digital assistants (PDAs), and music players such as MP3 players. These devices appeal to a user's sense of sight through graphical user interfaces and to the user's sense of sound through speakers and microphones. Although sight and sound produce an acceptable user experience, the user experience may be enhanced if hand-held devices were able to appeal to other senses, such as smell.
Agilent Technologies envisioned prototyping a product that would enable users to create their own scent recipes and dispense the chosen scent mixtures on request. To turn the vision into reality, Agilent sponsored a project in Stanford University's ME 342 MEMS Laboratory in 2005 in which a team of graduate students was tasked with creating a system to store and dispense scented materials with an electrical interface and power requirements compatible with a hand-held device. In order to minimize the cost of the scent dispenser, it needed to rely on the electronics of the hand-held device to drive the dispensing of scented material.
Heat Exchanger
As the density of electronic components on IC's continue to increase, the problem of heat dissipation grows more severe [4] . Traditional heat dissipation techniques such as fans and heat pipes are no longer adequate solutions. This has motivated intense research into liquid cooling and in particular, two-phase liquid cooling using microchannels [5] [6] [7] [8] . The large latent heat of vaporization gives the ability to dissipate substantial heat fluxes using lower flow-rates, while the microchannels provide large heat exchange areas and device dimensions comparable to the die itself.
Unfortunately, two-phase cooling has significant drawbacks. The process of vaporization creates vapor bubbles that effectively plug the flow channels and increasing the required pumping power. The nucleation and growth of these bubbles also result in instabilities. At high vapor qualities, dryout can occur, significantly reducing the heat transfer coefficient and thus heat dissipation from the IC.
Motivated by patents by P. Zhou et al. [9] and the work of Meng et al. [10] , the solution to the problem of vapor entrapment is to locally 'vent' the vapor produced in the microchannels into a secondary vapor-carrying loop. By venting the vapor formed, liquid can continue to replenish the channel without the associated increase in pumping power and saturation temperature. The danger of dry-out is also minimized. The project, initiated in ME 342 MEMS Laboratory in 2006 and sponsored by the MARCO Interconnect Focus Center, required a group of students to design and develop a micro-channel based heat exchanger with the ability to vent the formed vapor. The eventual commercial goal of this project is to develop a fully closed loop, stable, heat-exchanger with low pumping power demand and high heat-flux dissipation that can compete with single-phase liquid cooling and other cooling technologies.
DESIGNS
Before going into detail on the application of QFD to the scent dispenser and heat exchanger, an overview of the design and process used to create each product is presented.
Scent Dispenser Design and Fabrication Process
Hand-held consumer electronics devices must be small enough to fit comfortably in a pocket. Since only a small volume of each of several scented materials and their accompanying packaging and electronics can fit in a small space, the scent dispenser device either needed to be disposable or refillable. The major consumers of trendy hand-held gadgets are Asian teenage girls, a market segment that is somewhat cost-sensitive and very image-conscious. This target market suggests an inexpensive disposable product would be preferred to the hassle of dealing with refilling. Therefore a disposable design was pursued.
The combination of numerous scents being released in small volumes simultaneously lends itself to a MEMS implementation. The dimensions consumers expect in handheld devices are fairly small and the standard thicknesses of wafers or achievable thicknesses of polymers are on the order of 500 ums. The cylindrical geometries are conducive to expulsion and atomization of fluid under pressure and are straight-forward to fabricate with standard IC processes. The lower limit of volume of scent and alcohol detectable by humans varies by scent and individual, but is generally on the order of 1 uL. Considering these requirements, the prototype was designed to dispense a quantized scent amount of 0.2 uL from arrays of cylindrical wells with heights of 500um and diameters of 1mm. Figure 4 shows a top-down view of an individual well. Each well is sealed on the bottom by a full diameter compliant membrane of Poly(dimethylsioxane) (PDMS) that deflects inward to pressurize the chamber. PEEK backplates with hemispherical bumps were designed to clamp against the PDMS membrane on the bottom of individual wells. The backplates compress the air trapped in each well and provide the force necessary for liquid expulsion.
FIGURE 1. TOP-DOWN VIEW OF AN INDIVIDUAL SCENT DISPENSER WELL AND HEATER
The wells are sealed on the top by a thin membrane of SU-8. A small area in the SU-8 was left unexposed, providing a weak section in the well cover. Aluminum micro-heaters are located on top of the SU-8 over the wells. When a power pulse is applied to the heater, the SU-8 develops a thermal crack. This rupture forms an orifice plate through which the scented liquid is ejected. The scents from several wells then mix in the air.
The scent dispensers were created using the fabrication process outlined in Table 1 . Once the fabrication of the arrays was completed, they were tested under a manual probe station, using either the backplate pressure or a house air line for a more precise pressure application. The project team progressed from developing an initial idea to successfully demonstrating working prototypes in three months.
Heat Exchanger Design and Fabrication Process
Microchannel based heat exchangers are typically designed to fit right on top of a chip, with dimensions ranging from 1cmx1cm to 3cmx3cm. The thickness of the heat exchanger is typically hundreds of microns to a few millimeters. The small size is a key advantage when compared with traditional cooling technologies such as fans where each dimension can be several centimeters long. Two key metrics and specifications used by developers in this area are thermal resistance and efficiency (or Coefficient of Performance, COP). These are given as:
Using single-phase pressure drop and heat-transfer correlations for laminar, fully developed flow, since we expect the vapor phase to be vented away, leads to the following dependencies for thermal resistance and efficiency:
With flow-rate, Q pump , and fluid properties such as the thermal conductivity, k, and viscosity, η, specified, this leaves the designer with the ability to choose the hydraulic diameter, D h , wetted surface area, A surface , and channel length, L. Having a large wetted surface area and short channels is a clear advantage. The appropriate choice of D h depends on which metric is more important to the final application. Having flexibility in the choice of hydraulic diameter and wetted area resulted in the design of various different channel geometries including parallel channels, serpentine channels and pin-fin arrays. 
FIGURE 2. MICROFABRICATED HEAT EXCHANGER WITH SERPENTINE CHANNELS USED TO CARRY LIQUID
The heat exchanger was also fabricated with aluminum resistance heaters and temperature sensors on the reverse of the operational region. These components were added purely for research purposes and would not be present in any final commercial device. The heaters were designed to produce a total of 80W with a heat flux well in excess of 100 W/cm 2 in order to simulate an operating chip.
Once the heat-exchanger microchannels and integrated heaters and sensors have been microfabricated, it is necessary to add the venting layer and vapor channels. First, a thin layer of SU-8 is contact printed on the top surfaces of the channels and then a porous hydrophobic membrane is attached and cured. The porous, hydrophobic membrane is necessary to stop liquid water from leaking into the vapor channel but allow free escape of the vapor formed into the vapor channel. The vapor channel is fabricated through laser ablation of a double-side sticky mylar sheet which is attached atop the porous membrane. Finally the vapor channel is capped with a glass slide to allow optical access to the vapor channels. The heat-exchanger microchannels below the membrane cannot be observed, as the membrane is opaque. A key aspect of the design is appropriate choice of materials. Silicon was chosen because of its reasonably high thermal conductivity and ease of micro machining. SU-8 was chosen due to its high temperature stability, and a PTFE porous membrane was chosen due to its high temperature stability as well as high hydrophobicity.
The completed heat exchanger, a schematic of which is shown in Fig. 3 , has since been tested under non-heated, airwater conditions as well as heated conditions with phase change, and preliminary results are encouraging. This has led to continued design and research into the device. The details of device fabrication, testing and results are discussed elsewhere [11] . 
APPLICATION OF QFD
QFD Modification
QFD has seldom been applied to MEMS product development efforts, perhaps because few MEMS products have been commercialized. Another potential explanation is the difficulty in applying the typical structure of Phase II, where engineering metrics are linked to parts. Most MEMS do not have physical 'parts' that are assembled into a final device, but instead have product specifications and a manufacturing process used to create the product. QFD has proven to be a useful technique in guiding development in other product domains, and modifications to the tool allow it to be useful in MEMS development.
On both the scent dispenser and the heat exchanger, QFD Phase I was used in the Stanford University Manufacturing Modeling Lab standard format, relating customer requirements to engineering metrics [12] .
The MEMS link between product and process was utilized in creating a modified version of QFD Phase II that relates engineering metrics to design concepts, where design concepts include product conceptualization and manufacturing process. The modified QFD contains aspects of Pugh Concept Selection, and differs from typical QFD primarily in that it considers product idea and manufacturing process together in the early phases of product definition
The intent of the modified Phase II is to screen design concepts, providing the development team insight into which concepts are worth pursuing. Phase II is structured as a matrix, with design concepts comprising the rows and the most critical engineering metrics from Phase I in the columns. Only the three to five most important engineering metrics from Phase I are utilized in Phase II to make the tool fast and easy to use. The decision of whether to use three, four or five engineering metrics is driven by the location of a natural break point in the importance weightings of the engineering metrics. For example, if the percentages for the top five engineering metrics proceeded in decreasing order: 19%, 15%, 13%, 12% and 8%, there is a natural break point between the 4 th and 5 th most important metrics. In this case, the top four engineering metrics would be used in Phase II.
The design concepts are described in sufficient depth to distinguish among the various concepts on product form and manufacturing process, but are not described to the level of detailed design. In this respect, the concepts are illustrated similarly to those used in Pugh Concept Selection [13] .
Each concept is evaluated with respect to the high importance engineering metrics. This evaluation of concepts relative to selection criteria is also similar to Pugh Concept Selection, although Pugh's method uses a relative comparison to a chosen reference concept, while the authors' method rates each concept on its own. A concept receives a '-1' if based on the judgment of the project team the concept is unable to meet the metric, '0' if it will meet the metric, and '1' if it is will exceed the metric. The scores on each engineering metric for a given concept are summed, and concepts are ranked according to their total score.
The intended outcome of this version QFD Phase II is discernment regarding which design concepts are most likely to succeed so that resources may be assigned commensurately. A second result is that reviewing the scores for each design can provide a rough assessment of which concepts have the potential to be successful. A score greater than or equal to zero shows a fair likelihood of the concept meeting the design requirements, while a negative score shows the concept will probably fail to meet several of the design requirements. Designs with negative scores are probably not worthwhile to pursue further or require modification to become viable to pursue.
Application to Scent Dispenser
QFD Phase I for the scent dispenser is shown in Figure 4 At the time QFD Phase I was performed on the scent dispenser, the modified version of Phase II had not yet been created. When it was created, several months after the prototypes had been completed, Phase II was performed retrospectively on the project.
The outcome of that retrospective analysis is shown in Figure 5 .
The seven design ideas listed are all ones the team considered during the scent dispenser development. The two ideas the team considered most heavily before selecting one to prototype were 'Burst pumps with static pressure, using temperature and pressure actuation', and 'Burst pumps with static pressure, using chemical actuation.' The former idea was ultimately chosen due to concern over the chemical actuation interfering with the delicate chemistry of the scent molecules. It is interesting to note that these same two ideas tied for the highest ranking in the Phase II analysis, supporting the theory that the modified version of Phase II can help screen design concepts. Perhaps if this tool had been applied during the initial concept screening, it would have saved time and streamlined the process, providing a clearer method for distinguishing the most like to succeed among the concepts. Figure 6 shows the QFD Phase I developed for the microscale heat exchanger. The parts highlighted in blue indicate the key engineering metrics. As expected the efficiency (COP) and Thermal Resistance of the device rank highly along with total power dissipation. Interestingly, local power dissipation has the highest weighting and accurately predicts that local power dissipation is more important than total power dissipation. Hot spots on chips are one of the biggest challenges for fluidic heat exchangers as they can create large instabilities as well as dry-out in the microchannels. Exit vapor quality is a measure of the liquid leakage through the membrane into the vapor side of the heat exchanger. The parts in green indicate metrics and requirements purely for research purposes, which would not be present if the heat exchanger was being designed for commercial purposes. Nevertheless, being a first generation research device these metrics are very important. Figure 7 shows the QFD Phase II for the heat exchanger with the five key engineering metrics as well as the three research metrics. The different designs revolve around the use of different materials for the heat exchanger and the membrane, with each combination having a particular advantage and disadvantage. From a commercial device perspective, Phase II indicates that the copper device with a polymer membrane would be the best. This is not surprising due to the low leakage coupled with low thermal resistance and good spreading. Copper heat exchangers also have the added advantage of traditional fabrication techniques such as stamping that are more cost effective compared to silicon micro-fabrication. However, when the research metrics are included the copper devices fall out of favor due to lack of metrology. A Silicon heat exchanger with integrated sensors and heaters and a polymer membrane is the best device for research purposes and for this reason was chosen for fabrication using the process outlined earlier in the paper. The parallel channel design has the vapor and liquid channels in side-by-side format as opposed to stacked format and this significantly reduces the total surface area for heat exchange. Nevertheless this design has potentially the best optical access and if the leakage issue can be resolved would result in a highly desirable research device. 
Application to Heat Exchanger
FIGURE 7. QFD PHASE II, CONCEPT SCREENING, APPLIED TO HEAT EXCHANGER
The Phase II QFD highlights some of the challenges in determining the appropriate design to pursue. Though a copper device makes practical sense, it has little research value except as a proof-of-concept. But using the QFD with additional metrics important in the research realm reveals a more appropriate design to pursue. The result emphasizes the importance of using QFD early in the design process and its value in both the commercial and research environments.
SUMMARY AND FUTURE WORK
QFD has rarely been applied to MEMS research and development programs. QFD Phase I can be applied without modification, but the standard Phase II comparison of engineering metrics to parts doesn't work well for most MEMS. Phase II was modified to compare critical engineering metrics to design concepts, including materials, design layout, and fabrication process. The core of this modifictaion is combining aspects of Phase II and Phase III together, along with incorporating some ideas from Pugh Concept Selection. The modified QFD Phase II Concept Screening was applied to development of a scent dispenser and a heat exchanger.
The tool was applied to the scent dispenser retrospectively. The results of QFD Phase II indicated the same design concept the team had selected to pursue after many hours of deliberation. Application of the tool during the development would likely have shortened the time necessary to select the best concept to prototype.
The QFD Phase II Concept Screening was applied to the heat exchanger using metrics for both commercial development of a heat exchanger as well as research specific metrics. Using both sets of engineering metrics allowed for screening of concepts for research as well as the ability to separately evaluate concepts for commercial development. Using the combined set of metrics in the tool lead to selection of the concept the team ultimately selected for fabrication. Use of the tool shortened the concept selection process and allowed the team to move on to fabrication in rapid fashion.
These two case studies demonstrate that QFD Phases I and II can be successfully applied to MEMS with minor modifications to Phase II. The benefits of using QFD in MEMS development programs include a clearer understanding of which aspects of the design on which to focus the most engineering effort as well as increased speed in narrowing down design concepts to those most likely to meet customer needs and design requirements. An additional benefit is increased likelihood of success in the development effort, as the design concepts have been more thoroughly analyzed using this systematic method than if an ad hoc screening had been used. Benefits aside, it is important to recognize that the tool's outcomes are only as good as the input information. It is key, therefore, to use the tool for screening and still apply engineering judgement to be sure the results make sense.
The QFD Phase I and II versions shown in this paper, as well as further improvements based on tool user suggestions for making the tools more robust and easier to use, have been applied to additional MEMS research programs at Stanford over the past two years. The outcomes of these applications may provide case studies for future publication.
